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High Energy Physics IS

at an extremely interesting time:

The milestone discovery:
50 for both h 2 t; WW=>h

— ATLAS and CMS -
- LHC Run 1 i
— Preliminary -
. []ATLAS g
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Very SM-like

_ ATLAS and CMS
LHC Run 1 Preliminary

—— Observed
----- SM Higgs boson
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The completion of the SM:

First time ever, we have a consistent

relativistic/quantum mechanical theory:

weakly coupled, unitary, renormalizable,

vacuum (quasi?)stable

600

valid up to an exponentially

high scale, perhaps to
the Planck scale M ;!

My, [GeV/c2]

200

Triviality

- EW

Precision
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“... most of the grand underlying principles
have been firmly established. An eminent
physicist remarked that the future truths of
physical science are to be looked for in the
sixth place of decimals. ”

--- Albert Michelson (1894)



“... most of the grand underlying principles
have been firmly established. An eminent
physicist remarked that the future truths of
physical science are to be looked for in the
sixth place of decimals. ”

--- Albert Michelson (1894)

Michelson—Morley experiments (1887):

“the moving-off point for the theoretical aspects
of the second scientific revolution”

Will History repeat itselt (soon)?
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Nima Arkani-Hamed
(Director of CFHEP, Beijing)
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Snowmass NP report, 1311.0299

Big Questions
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Question 1: The Nature of EWSB ?

Fully determined at the Weak scale:

= (\/§GF)_1/2 S 2465 (GGeN e 126 GeV
1
i e DanEei—s s RO T )\wg.



Question 1: The Nature of EWSB ?
In the SM: pm—

Fully determined at the Weak scale:
v=(V2Gp) Y2 =~ 246 GeV my= 126 GeV

I
i e DanEei—s s RO T )\wg.
) O(1) deviation on

Ar . could make EW

phase transition
strong 15t order!

All we|know: :{> .
\/ \/

Q /

X.M.Zhang (1993); C. Grojean et al. (2005)
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. “ ”
Question 2: The “Naturalness
Higgs mass 1s “un-natural” in the Wilson/ 't Hooft sense:

A

h h
t h h h h
(@) (b) ©
3 1 1
> W S e s 2p2 2p2
e T s a0 ) RESTE LS

If A2> m%{, then unnaturally large cancellations must occur.
Cancelation 1n perspective:
my° = 36,127,890,984,789,307,394,520,932,878,928,933,023
-36,127,890,984,789,307,394,520,932,878,928,917,398
_ (125 GeV)21 ?
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o “ ”
Question 2: The “Naturalness
Higgs mass 1s “un-natural” in the Wilson/ 't Hooft sense:

_ h
Drp o O

h h
t h h h h
(a) (b) (c)
: , - X it o A
) ) P, ) ) ) ) 2
My = MYy — =YX i ~ 1) A S 5ANS
ol HO 87?2 L 16‘TT‘2 16‘TT‘2

If A“ > m?%,, then unnaturally large cancellations must occur.
Cancelation 1n perspective:

55,023

17,598

Natural: O(1 TeV) new physics, associated with ttH.
Unknown: Deep UV-IR correlations?
Agnostic: Multiverse/anthropic?
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Question 3: The Dark Sector

The un-protected operator may reveal secret
‘ k
Higgs portal: 1 HiH 575 2 HE e
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Question 3: The Dark Sector

The un-protected operator may reveal secret

Higgs portal:

k
LH'H S*8S, KXHTH X

10°

10

10’5:'
10°°F

U)bo_ 1079}
0t

{0

10712k
10-13' e

CoGeNT _——TEXONO

10

e
m, 0 (GeV)

TH, Z.Liu, A.Natarajan, arXiv:1303.3040
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COLLISION COURSE Nature News, July 14

Particle physicists around the world are designing colliders that are much larger in size
than the Large Hadron Collider at CERN, Europe’s_particle-physics laboratory.

C Lea S the ay (2015-2030
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s1tev ILLC as Higgs Factory.& beyon
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COLLISION COURSE Nature News, July '14

Particle physicists around the world are designing colliders that are much larger in size
than the Large Hadron Colluder at CERN, Eu pes pdrtlc hysics laboratory.

Lea ay (2015-2030

CERN'’s Larg
Hadron Collider

Circimference: 27 km
Energy: 14 TeV

hina's electrormpositron collider
52 km: 240 GeV
China’s super pro

52 km; =70 TeV

bn collider

ternational
collider

S/European sup
proton collide
100 km; 100 TeV

e+e-&7,240-350G;

.......
------

w— ExiSUmE T Proposed
d GeV, gigaelectronvolt

Linear Collider
Length: 31 km

s1tev ILLC as Higgs Factory.& beyon

P
Table 1-1.  Proposed running periods and integrated 1um1nos11;1es at each of the center-of-mass energies
for each facility. nowmass 1310.8361
Facility HL-LHC ILC ILC(LumiUp) CLIC LEP (4 IPs)
5 (GeV) 14,000 250/500/1000 250/500/1000 350/1400/3000 240/350 100,000

10,0004-2600 3000

NLdt (fb™")  3000/expt  2504-500+1000  1150+1600+2500 500415004200

ILC 3+3+3
Et (107s) 6 3+3+3 ( . 3;;);;) ) 3.14+4+3.3

o+5 6




Academic Experts Commlttee Interlm Summary

Recommendation 1: The ILC project requires huge investment that is so huge that a
single country cannot cover, thus it is indispensable to share the cost internationally.

From the viewpoint that the huge investments in new science projects must be
weighed based upon the scientific merit of the project, a clear vision on the discovery
potential of new particles as well as that of precision measurements of the Higgs
boson and the top quark has to be shown so as to bring about novel development that
goes beyond the Standard Model of the particle physics.

Recommendation 2: Since the specifications of the performance and the scientific
achievements of the ILC are considered to be designed based on the results of LHC
experiments, which are planned to be executed through the end of 2017, it is
necessary to closely monitor, analyze and examine the development of LHC
experiments. Furthermore, it is necessary to clarify how to solve technical issues and
how to mitigate cost risk associated with the project.

Recommendation 3: While presenting the total project plan, including not only the plan
for the accelerator and related facilities but also the plan for other infrastructure as
well as efforts pointed out in Recommendations 1 & 2, it is important to have general
understanding on the project by the public and science communities.



TLEP/V HE- LHC F. ZImmermann
possible long-term time line

1990 2000 2010 2020 2040

Design, :
LHC R&D Proto. Constr. Physics

TOO FAR TO KNOW,
BUT AIM AT KEEPING
ACHINES OPERATIONAL

HL-LHC

VHE-LHC

18



CEPC/SPPC:

Yifang Wang

- CEPC (##i%: 2021-2028)
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e*e- colliders:

Energy/LLumi projection

o .ol @Z12x10% cmi ' " @ 'CepC(21IPs) TLEP Report: 1508.6176
T 10E e oG ) =
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Ecm running time statistics (FCC-ee)

b,c,T 10" b,c,T

90 GeV 1-2 yrs 10'2  Z (Tera 2)

160 GeV  [1-2 yrs 108- 10° WW(Oku W)

240 GeV  [4-5yrs 2x10° ZH (Mega H)

350 GeV  [4-5yrs 106 tt (Mega top)




Cross section (fb)

Higgs-Factory: Mega (10°) Higgs Physics

- . — e'e s HZ
20 g g —HZ,Z—>w |

N i~ 200 fb — WW - H

- ' —ZZ - H
200__ ................................ P T e . Total
150 :_ ................ E .......................................................................................
100 SRR SO RSN SUSNS SO S 4

50—
B ; — :'_.'_ : 5 | |

800 20 240 260 280 300 320 340 | 360
\s (GeV)

ILC Report: 1308.6176

21



nggs-Factory Mega (l 0°) nggs Physics

g - . : : : .
s F  [—ee—wz
g0y A —HZ,Z—>wv |
3 — : .
s [ ~200fb — WW — H
3 F —ZZ - H
© 20017 — Total
150 b o S S S S S ——
— : i . . . : n
100 T S A S
i : : : :

: i I 5 -
e ——— kel s ——

.‘900 220 240 260 280 300 320 340 360
\s (GeV)

ILC: E__ = 250 (500) GeV, 250 (500) fb-!
* Model-independent measurement: I1LC Report: 1308.6176
I'y~6%, Amg~30MeV
(HL-LHC: assume SM, I';;~ 5-8%, Amy ~ 50 MeV)
* TLEP 10®Higgs: I';; ~ 1%, Amy ~ 5 MeV.
TLEP Report: 1308.6176
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e Comparison (FCC_/TLEP 41P)

Coupling  HL-LHC FCC-ee
Ky 2-5% 1.2% 0.19%
k, 2-4% 1.0% 0.15%
k, 4-7% 1.7% 0.42%
k_ - 2.8% 0.71%
k. 2-5% 2.4% 0.54%
k, ~10% 91% 6.2%
K, 2-5% 8.4% 1.5%
k, 3-5% 2.3% 0.8%
Kk, ~12% ? ?

BR, .. ~10-15%? < 0.9% < 0.19%
Iy ~50%? 5.0% 1.0%
k, 7-10% 14% 13% (*)
Ky 30-50% ? 80% 80% (*)
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Snowmass Higgs Working Group: 1310.8361

Model-independent results
HL-LHC(3 ab?),
ILC(0.25,0.5,1 ab!), TLEP(10 ab™!)

Sensitive to new physics
at tree level

Expected effects < 5% / A%

Sensitive to new physics
in loops

| Sensitive to light dark matter;

exotic decays

} Need higher energies



Z-Factory: Tera (10'?) Z Physics

TLEP Report: 1508.6176
* (Clean environment, AEcm <1 MeV, 10° x LEP-I

* possible longitudinal polarization

* Precision measurements (statistical):
Z-ploe: AM,, AT', < 0.1 MeV, AsinQGW <10°¢;
AMy, ~ O(1 MeV), Am,~ O(10 MeV), Am ~ O(10 MeV).

1

) B
5 8937 [— TLEP (Z pole)
‘; | | =—— TLEP (Direct)
= i ILC (Direct)
80.365—1" LHC (Future)
L |---- Tevatron
— | = Standard Model
80.36—
80.355 —
80.35— ;
_I | | | | | | |‘ IIIII | | | | | | | | | | | | | | | | "I | | | | | |
171.5 172 172.5

173 173.5 174 174.5 175
mtop (GeV) 24



Z-Factory: Tera (10'?) Z Physics

Flavor physics & CP violation:

with O(10'") B-hadrons: Bs oscillation, Bc ...

complementary to LHCb, Belle I1I.

Indirect new physics probe (Z'...):
8 ~ (v/\)?, sensitivity reach A ~ 10 TeV.

However, systematics dominance!

must control theoretical errors!

It calls for heroic theory efforts:
largest uncertainty from running oo
(low energy hadronic contributions)

3-loop EW; multi-loop QCD ... o8



THE NEXT ENERGY FRONTIER:
100 TEV HADRON COLLIDER

s [TeV]

0005 001 0.2 0.05 0.1 0.5 1 el 0 E o D (e ) St (i e e )
SRR 57 [TeV]
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THE NEXT ENERGY FRONTIER:
100 TEV HADRON COLLIDER

s [TeV]

0.005 0.01 0.02 0.05 0.1

T1/2 = (S/S)I/Z
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Higgs Production @ FCC,, /SPPC

8 TeV 14 TeV 33 TeV 100 TeV
LHC LHC HE LHC VLHC

107 10"

10k 107

10° 10°

10 1 10™

10° - ; 10°
10 \'s [TeV] 10

Snowmass QCD Working Group: 1310.5189

Process | 0 (100 TeV)/0 (14 TeV)
Totalpp | 1.25

W ~7

Z ~7

WwW ~10

Zz ~10

Tt ~30

H ~15 (ttH ~60)
HH ~40

stop ~103
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Higgs Self-couplings:

AL — _lmg 72 YHHH pr3  GHHHH pr4
2 H 3! 4!
3m? 3m?
guaH = 6€v = H7 gHHHH = 0€ = 2H°
(¥ (Y
L r
Z 80 e &%6” : ILC OF TLEP-500, ILC-1TeV, CLIC-3TeV [
:% 60 i e pp:HL-LHC, HE-LHC, VHE-LHC |
O -
S A0
o
§_ Of— ------- R | T { ------------------------------------------- i --------- o IiZOo/o
T T
SAQ e s
B g s
sof | j -------------------------------------- TLEP Report: 1308.6[176

|

HHH

cou;%ung \

! MO OO O T 0 CO ] O T OO CO O
3 ab"’ 1 ab 3 ab 2 ab 3 abt

0.5 ab

1 ab1

23

LHC 100 TeV pp

Triple coupling sensitivity:
Test the shape of the
Higgs potential, and
the fate of the EW-phase

transition!



Higgs Self-couplings:

1 T LHC 100 TeV
AL = __m%IH2 gHHHHS gHHHHH4 PP
2 3! 4! H "
37773{ Sm%{
guaH = 6ev = 3 JHHHH = 06 = 5 E>
- - Heeseeeee «
% 80; """""""""""""""" e ¢*g”: ILC or TLEP-500, ILC-1TeV, CLIC-3TeV [~ H T H
:§ 60;— ------------------------------- s pp : HL-LHC, HE-LHC, VHE-LHC |
g- 40 :_ ----------------------------------------------------------------------------------------------------------------------------------------------- . . g I -
£ 20 Trlple Couphng SenSlthlty:
§ e B B | U S W S +20%
© oo b i ........................................... { _________ + ___________ I Test the shape of the
T L Hiepspetentil n
e S Y S R
_802_ """"""" J """""""""""""""""""" T LA\P “Report: 1308:6]1 76 the fate 0f the EW—phase

[ HH Cou%"ng \ transition !

! OO OO (O AT O] T T OO O
0.5 ab 1 ab1 3 ab- 1 ab 3 ab 2 ab 3ab
: : : : : : : Snowmass 1310.8361

HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC1400 CLIC3000 HE-LHC VLHC

Vs (GeV) 14000 500 500 500/1000 500/1000 1400 3000 33,000 100,000

f Bt bR ) W 500 1600% 50041000  1600-+2500% 1500 +2000 3000 3000
21%

A w 83% 46% 13% 21% 10% 20% (,Sﬁ
v v
30



10°

SUSY @ FCC,,/SPPC

M.Mangano et al.: 1407.5066

o(pp—xy) [pPb]

%IIII 1T T 1 1T T T T 1T 11 1T T 1 IIII|IIII|IIII 1011
10% & NLO+NLL 3
= . —= 10"
103_5-_‘ —GlUInO(1OOTeV) 3 PN
. Squark (100Tev) 5 10" 2
o) E NNl e Gluino (14 Tev) = 10® &
& 10 N 3 [
= Y Squark (14 TeV) 107 €
3 1= . = 0
= . 10° 3
T 10'1_5 \
o - 10° S
L 102 * [0}
o) oF 104 -g
107 = 10° 2
10'42
= 10°
10'5_5
= . 10
10'6 IIII|IIII|IIII|'I’IIlIIIIlIIIIlIIIIlIIII
0 1 2 3 4 5 6 7 8
mass [TeV]
LA N L L L YL L L L L L L L L L Y L B B B
Heavy Squark Limits
arXiv:1102.0302
@ 100 TeV
. . B 14 Tev
gluino

0

5 10 15 20 25 30
mass [TeV]
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103IIIIIIIIIIIIIIIIIIIIIII|IIII|IIII|IIII|IIII
102 EA — Wino (100 TeV)
10 B — Higgsino (100 Tev)
A Wino (14 Tev)

EEN. e Higgsino (14 Tev)

10-1 ““

10

10°

10 R o

10° RN

10-6 ~~::: :~.

10-7 . :::::~.

10-8 ’QQ::::..~

10'9IIII|IIII|IIII|IIII|IIII|IIII|IIII|III”I:I~I'.III|IIII
0O 05 1 15 2 25 3 35 4 45 5

mass [TeV]

10°
10°
107
10°
10°
10*
10°
102
10

10"
107

Mass reach at 100 TeV:

~7/x over LHC

31
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Pushing the “Naturalness” limit

g e = 10°
& E & --------------------------------------------------------------------------
c , — Fermion c 10* — Fermion
g 107 — Scalar =S — Scalar
3 - ----QCD top 3 10 ----QCD top
2 10k —tz @ 102
S Ok < = N
G - S 10
C 1 C
S rre—r——_———————————  — — . o
B 5 1
> =]
s 107 8 10"
o o
102
102 "
10100 TeV
10-3 | | | | | | | | | | | 1 10-4 1 | | | | | | | ! |
600 800 1000 1200 1400 2000 4000 6000 8000
m; [GeV] m; [GeV]
50 di .
8 _I TTT | TTTT | TTTT | |||||||||||| | TTTT | TTTT | TT IIS(I:ol\{eIrY I_ C LS D ISCOVe ry
~ Vs =100 TeV — Boosted Top ] F 10
7 1 - - /s =100 TeV — Boosted Top
- L =3000 fb - i L
- Compressed ] 8000_ Jl— dt = 3000 fo'  — Compressed
6~ Fermion Partner . i i
E - L Egysbkg = 20% A o
—. 5~ - <~ 6000 _
%) B ] % - gsys,sig =20% i 8
= 4 4 O I : o) S
~ L 1 = T.Cohen et al.: 1406.4512 =
= N . S 4000 =
3 - & - e
- - i } @
2r E 2000}~ — 1
1 . :
O :I 111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 111 I: O 2000 4000 I670IOOI ' I80IOOI : -
0 1 2 3 4 5 6 7 8 9 10

M, [TeV] m; (GeV)

The Higgs mass fine-tune: dm;,/m; ~ 1% (1 TeV/A)*
Thus, m_.__ >8 TeV = 10 fine-tunel”

stop



No-Lose(?) for “Natural theory” at FCC,, 11

Irreducible low-E signatures:

- Zh cross section (lepton collider) 1509.04284

- electroweak precision observables (lepton) : S
- higgs cubic coupling (100 TeV) (David Curtin’s talk)

- top partner direct production (100 TeV)

Any theory of ~10% naturalness with O(SM) top partners
will be discovered at lepton collider and/or 100 TeV

Q

Scalar Partner T
0.500

Ayy= 10 TeV 20 TeV

r R Scalar Partners
”

1 5 10 50 100 500



DM Searches

T%SM@WSM LUX collaboration, 2013
XENCN 10 S2 (2013)
10-39 . COMS-Il Ge Low Threshold (2011) B e 1073
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S/6B

S/6B
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IIII|IIII

WIMP DM:

100 Tev

)14 Tev
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| | |
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2000 3000 4000
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New Particle Searches

Electroweak Resonances: Z’', W’ C

10* .
SSM : Excited Quark
10° 100 TeV
Y  — ugeu*
20 \
10 - )
g o\ 7 ded
= 100\
TN
2 100N
b 10-11 \\\
\\
\\
10_2§ \\
\\
B \\
! I 1 I ] 1 I I I ] I I I I | 1 I I I | 10_3— \\\
0 10 20 30 40 E N
My (TeV) : R
10—4“”\”“\“.‘\”‘\
~ 6x over LHC 120030

36 M, (TeV)



New Particle Searches
Snowmass NP report, 1311.0299

T quarks 9 13 TeV —_— PP (VlI‘ tua 140,000
compositeness

gluinos =m

ewkino S e+e- (real ;
——— ( ) colorons pPp (]f‘ e al) ® pp, 100 TeV, 3000/fb

= . y o '
RPV stop “ pp, 33 TeV, 3000/fb
_ ¥ pp, 14 TeV, 3000/fb

stop - u pp, 14 TeV, 300/fb
—— = > 6 Tev

Z'B

= ee, 3 TeV, 1000/fb
Ay NP s €+€~ (T€])  ee, 1 TeV, 1000/fb
« ee, 0.5 TeV, 500/fb
suuarie E— ‘ . ;
| ~ > 8 TeV , )
e+e- (virtua
e e cer (real) (virtual)
0 1000 2000 3000 0 10000 20000 30000 40000 50000 60000 70000

mass (GeV) mass (GeV)

e+e- & pp complementarity
for a broad range of searches.
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Other Rich Physics Opportunities

* Bread & butter SM physics:
WW, tt threshold options at FCC__

“top window” to new physics at FCC,
EW vector boson showering at FCC,

* W, W, scatteringat £ > 10 - 20 TeV

* Probe extended Higgs sector
TeV scale seesaw for neutrino masses ...

38



Heavy Higgs bosons: /', H*

o [fb]

10*
10°

10°

m,, [TeV]

Mass reach at 100 TeV:
~ bx over LHC

A T IR S S B B LY
2 4 6 8 10 12 14 16 18 20

New (vector-like) leptons

of| V[ [fb]

----pp— NI NLO
— pp— T°T* NLO
—-pp— T°T NLO

| IIIIIII| l IIIIIII| IIIIIIII| l IIIIIII| l IIIIIII| l IIIIIII| l IIIIIII| l IIIIIII| =

W
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CONCLUSIONS

* Higgs boson 1s a new class. New physics

BSM - “under the Higgs lamppost”

e |t calls for new colliders:

Precision: FCC_/CEPC
Tera Z: AM,, AT, <0.1 MeV, Asin20_ < 10-.
At thresholds: AM,, ~1 MeV, Am, ~ 10 MeV
Mega Higgs: x ~0.2%, T}~ 1%, Amj; ~ 5 MeV.
Energy frontier: FCC,,/SPPC
A < 10% = Conclusive for EWPT
6x LHC reach: 10 — 30 TeV = fine-tune < 10~
WIPM DM mass ~ 1 -5TeV
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e Higgs boson as a new tool for discovervy—=

e Pursue the physics associated with neutrino mass

= uenti € new pnysIics or dark mattc

 Understand cosmic acceleration: dark energy and inflation
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